The cyclin proteolysis that accompanies the exit from mitosis in diverse systems appears to be essential for restoration of interphase. The early syncytial divisions of Drosophila embryos, however, occur without detectable oscillations in the total cyclin level or Cdk1 activity. Nonetheless, we found that injection of an established inhibitor of cyclin proteolysis, a cyclin B amino-terminal peptide, prevents exit from mitosis in syncytial embryos. Similarly, injection of a version of Drosophila cyclin B that is refractory to proteolysis results in mitotic arrest. We infer that proteolysis of cyclins is required for exit from syncytial mitoses. This inference can be reconciled with the failure to observe oscillations in total cyclin levels if only a small pool of cyclins is destroyed in each cycle. We find that antibody detection of histone H3 phosphorylation (PH3) acts as a reporter for Cdk1 activity. A gradient of PH3 along anaphase chromosomes suggests local Cdk1 inactivation near the spindle poles in syncytial embryos. This pattern of Cdk1 inactivation would be consistent with local cyclin destruction at centrosomes or kinetochores. The local loss of PH3 during anaphase is specific to the syncytial divisions and is not observed after cellularization. We suggest that exit from mitosis in syncytial cycles is modified to allow nuclear autonomy within a common cytoplasm.
Although the past decade of cell cycle research has revealed a bewildering complexity of cell cycle control, one simple generalization has been supported by observations in a variety of experimental settings and in numerous species. The kinase activity of a cyclin:Cdk1 complex promotes mitosis, whereas the destruction of the cyclin partner and loss of kinase activity is associated with and is required for exit from mitosis. The early evidence for the requirement for cyclin destruction came from the production of deleted versions of cyclins that resisted mitotic destruction and arrested cells in mitosis (Murray et al. 1989; Glotzer et al. 1991; Gallant and Nigg 1992; Surana et al. 1993; Sigrist et al. 1995a ). However, some complexities have been introduced even into this most global generalization about the cell cycle. We now recognize that exit from mitosis is complex and that sequential destruction of many different regulators is likely to regulate distinct steps in the process, as detailed below.
Mitosis may be considered a progression of discrete steps, with the ultimate goal being the equal division of the genomic contents. Among all mitotic phases, metaphase appears to represent the pinnacle of the mitotic state, with the spindle and the condensed chromosomes poised to segregate daughter genomes to the opposite poles of the cell. Release from this state requires a ubiquitin-conjugating enzyme complex, APC (anaphase promoting complex; King et al. 1995) , or cyclosome (Sudakin et al. 1995) that targets cyclins and several other proteins for rapid proteolytic destruction (for review, see King et al. 1996a; Nasmyth 1996) . The original demonstration that the transition from metaphase requires proteolysis was shown in Xenopus egg extract experiments (Holloway et al. 1993) . In these extracts, introduction of high levels of a target peptide for ubiquitinmediated proteolysis (containing the ''destruction box'') led to mitotic arrest, apparently by competing with endogenous substrates and interfering with their destruction (Holloway et al. 1993; van der Velden and Lohka 1993) . Genetic analyses in yeast and biochemical experiments in mammalian systems established the universal requirement for ubiquitin-mediated proteolysis in exiting mitosis (for review, see King et al. 1996a; Nasmyth 1996) . Although recent work focusing on the mechanisms that govern the exit from mitosis has identified new and important targets of APC-mediated proteolysis (e.g., see Cohen-Fix et al. 1996; Funabiki et al. 1996; Juang et al. 1997) , the destruction of mitotic cyclins is still thought to represent a key and essential step in the return to an interphase state.
Removal of the destruction box sequences from the amino terminus of mitotic cyclins protects these proteins from mitotic degradation (Murray et al. 1989; Glotzer et al. 1991; Gallant and Nigg 1992; Surana et al. 1993; Sigrist et al. 1995a) . Stable cyclins block exit from mitosis, but stabilization of different cyclins blocks exit from mitosis at different steps (Sigrist et al. 1995a) . In cellularized embryos of Drosophila melanogaster, stabilization of cyclin A (which has a mitotic function in Drosophila; O'Farrell 1989, 1990; Knoblich and Lehner 1993 ) results in a metaphase-like arrest, with unsegregated sister chromosomes aligned at the metaphase plate. In contrast, mitotic arrest that results from stabilization of another mitotic cyclin, cyclin B, shows partially segregated condensed chromosomes and therefore, resembles early anaphase. Finally, stabilization of the third Drosophila mitotic cyclin, cyclin B3, results in a mitotic arrest with fully segregated chromosomes, thus resembling late anaphase/telophase. Similar to the situation with stabilized cyclin B3 of Drosophila, stable Btype cyclins can lead to postmetaphase arrest in budding and fission yeasts, Xenopus extracts, and mammalian cells (Holloway et al. 1993; Sigrist et al. 1995a; Surana et al. 1993; Yamano et al. 1996) . Interestingly, mitotic arrest that results from stabilization of each mitotic cyclin, A, B, and B3, in Drosophila embryos resembles the mitotic stage at which degradation of each cyclin is completed (Sigrist et al. 1995a ). This observation has led to the proposal that sequential degradation of mitotic cyclins dictates the sequential order of some of the events at exit from mitosis (Sigrist et al. 1995a ; for review, see Follette and O'Farrell 1997) .
The precellular mitotic divisions of the Drosophila embryo appear to provide a striking counterpoint to the demonstrated importance of cyclin degradation and Cdk1 inactivation to cell cycle progression. Drosophila embryogenesis begins with 13 metasynchronous mitotic cycles within a syncytial cytoplasm (Foe et al. 1993) . These cycles consist only of S and M phases, rely on maternally supplied activities, and do not require zygotic gene expression. The first 10 syncytial cycles last ∼9 min each; subsequently, the cycles slow gradually, leading to a transition from maternal to zygotic control of the cell cycle in cycle 14. Previous studies indicate that cyclin levels and Cdk1 activity remain high during the first eight cycles (Edgar et al. 1994) . Thereafter, oscillations of these key cell cycle regulators set in gradually, with the amplitude of the oscillation increasing in successive mitoses. Given that mitotic cyclin degradation and Cdk1 inactivation appear essential for exiting mitosis in all systems tested, we asked how syncytial cycles occur in the continuous presence of mitotic regulators.
Two cases in which cells exit mitosis without cyclin degradation are worth noting. In budding yeast, hct1/ cdh1 mutants are defective in the proteolysis of a mitotic cyclin, Clb2, and yet these cells are able to exit mitosis (Schwab et al. 1997) . Second, in budding yeast cells that are arrested in mitosis because of spindle defects, a mutation in the phosphatase regulatory subunit CDC55 allowed the exit from mitosis (Minshull et al. 1996) . In this case, exit from mitosis occurred in the presence of high cyclin levels, apparently by inhibitory phosphorylation of Cdk1. The absence of an inhibitory phosphate on Cdk1 in Drosophila syncytial cycles, however, argues against Cdk1 phosphorylation being responsible for exit from syncytial mitoses (Edgar et al. 1994) . Instead, the fact that mitotic arrest follows cyclin stabilization in diverse experimental systems argues that Cdk1 inactivation by cyclin degradation may be the universal way of exiting mitosis in unperturbed cells.
In this report we demonstrate that despite the constant presence of cyclins and Cdk1 activity, proteolysis and cyclin degradation appear to be essential for syncytial nuclei to exit mitosis. Using phosphorylation on the first serine of histone H3 (PH3) as a reporter for Cdk1 activity, we present evidence for local changes in Cdk1 activity as syncytial nuclei exit mitosis. Such local changes are absent in the mitoses of the cellular blastoderm embryo in which mitotic cyclins are degraded completely at exit from mitosis. We propose that syncytial embryos experience local changes in Cdk1 activity through degradation of small, local pools of cyclins. We infer that in cellularized embryos global degradation of cyclins throughout the cell results in global changes such as the near-uniform loss of PH3 from chromosomes.
Results and Discussion

Injection of a destruction box peptide results in mitotic arrest in syncytial embryos
To assess the role of ubiquitin-mediated proteolysis in the syncytial cycles of Drosophila, we injected syncytial stage embryos with a known inhibitor of the process, an amino-terminal peptide of sea urchin cyclin B. This peptide contains the signal sequence for the ubiquitin-mediated degradation by the APC pathway, preceded by a T7 epitope tag. It is identical to the peptide used in an earlier demonstration of the importance of proteolysis for mitotic progression in Xenopus extracts (referred to as 13-110 in Holloway et al. 1993) . Injection of the 13-110 peptide into syncytial stage embryos and staining for the epitope tag revealed a gradient of peptide with the high point at the site of injection (not shown). Such injections blocked the nuclear cycles in mitotic-like states near the point of injection, whereas nuclei distant from the site of injection progressed to the expected nuclear density (Fig. 1A) . Nearly all injected embryos showed condensed chromosomes within a mitotic spindle near the point of injection, although not all arrested mitoses had the appearance of a normal metaphase. Such arrests were seen in syncytial embryos of all ages, including precycle 8 embryos, which ordinarily exhibit no detectable oscillations in cyclin levels or Cdk1 activity (Edgar et al. 1994) . As a control, we injected a peptide in which the amino acids RAAL of the destruction box consensus sequence have been mutated to AARL to render it unrecognizable by the ubiquitin pathway (called 13-110* in Holloway et al. 1993) . We found that the control peptide did not cause a mitotic arrest under similar conditions (Fig. 1B) . We conclude that the presence of 13-110 interfered with mitotic progression, whereas 13-110* did not. The specificity implicates the destruction box in the inhibition of the nuclear cycles. The destruction box sequences target cyclin B for ubiquitination and proteolysis and the peptide containing this sequence interferes with these processes (van der Velden and Lohka 1993; King et al. 1996b) . Therefore, our results suggest that APC-mediated ubiquitination, and presumably proteolysis, is required for exit from mitosis in the early syncytial cycles of Drosophila, although we cannot eliminate the possibility that ubiquitination might drive exit from mitosis without associated destruction of proteins.
Injection of a stable cyclin results in mitotic arrest in syncytial embryos
Studies in diverse systems identified mitotic cyclins as proteolytic substrates that must be removed to allow exit from mitosis. Recent work in yeast and Aspergillus, however, has identified additional substrates that must be degraded to progress through events of mitosis (Pu and Osmani 1995; Cohen-Fix et al. 1996; Funabiki et al. 1996) . These include proteins that regulate sister chromosome segregation and proteins associated with the mitotic spindle. Although the actual restoration of an interphase state is thought to usually require destruction of cyclins and inactivation of Cdk1, neither cyclin levels nor Cdk1 activity oscillate in the early syncytial cycles. This raises the possibility that it is the degradation not of cyclins but of other proteins that drives the exit from these mitoses. Thus, we assessed the importance of cyclin degradation to the syncytial cycles.
The importance of cyclin destruction to exiting mitosis has been demonstrated by the production of a mitotic arrest by stabilized cyclins when these proteins are introduced into cells or cycling Xenopus extracts (Murray et al. 1989; Gallant and Nigg 1992; Holloway et al. 1993; Surana et al. 1993; Sigrist et al. 1995a) . To test the importance of cyclin degradation to the early mitotic cycles, we prepared a stable derivative of Drosophila cyclin B protein for injection into syncytial embryos. In addition to truncations that removed sequences inferred to represent the destruction box (Sigrist et al. 1995a; Sprenger et al. 1997 ), a fusion of glutathione S-transferase (GST) to the amino terminus of full-length Drosophila cyclin B proved to be stable. GST-cyclin B reconstituted kinase activity upon addition of in vitrotranslated Drosophila Cdk1 (Campbell et al. 1995) , and incubation in Xenopus mitotic extracts demonstrates its stability ( Fig. 2A) . The GST tag simplified purification of stable cyclin B from bacterial extracts (see Materials and Methods).
Injection of GST-cyclin B protein into syncytial embryos (cycles 1-7) resulted in arrest of the mitotic cycle surrounding the point of injection (Fig. 2B) . Arrested mitoses were not seen with control injections of GST. Many of the arrested mitoses show condensed chromosomes that are segregated partially (Fig. 2 insets) . Similarly, the arrest induced by expression of stable cyclin B in later cycles also shows an arrest with the chromosomes neither paired at the metaphase plate nor at the spindle poles (Sigrist et al. 1995a ; see also Fig. 3 ). The amount of injected GST-cyclin B approximated that of endogenous cyclin B as determined by immunoblotting (not shown), thus doubling the amount of total cyclin B. Increasing endogenous cyclin B by eightfold does not result in mitotic arrest (G. Schubiger, pers. comm.) . This is consistent with observations after induced expression of normal and stable cyclin constructs during the later cycles; these observations indicate that only the stabilized versions of the cyclins have the capacity to arrest the cycle (Sigrist et al. 1995a ; Fig. 3G-L) . On the basis of the GST-cyclin B-induced block to mitotic progression, Nuclei near the site of injection (arrow) are arrested in mitosis and show condensed chromosomes and mitotic spindles. In contrast, in the remainder of the embryo syncytial divisions have progressed such that nuclear density is higher and nuclei are not arrested in mitosis. An arrested mitotic figure is magnified fivefold and shown in the inset. (B) An embryo injected with the control peptide bearing two point mutations in the destruction box consensus sequence, 13-110*, shows no mitotic arrest. The site of injection is indicated with an arrow.
Exiting mitosis in a syncytium
we infer that destruction of cyclin B, and presumably other mitotic cyclins as well, is required for exit from syncytial mitoses.
Mitotic and nonmitotic nuclei coexist within the syncytial cytoplasm
To reconcile the above observations with the lack of oscillation in total cyclin levels in the early syncytial cycles of the Drosophila embryo and their incomplete destruction during the later syncytial mitoses (Edgar et al. 1994) , we suggest that a small pool of cyclins is destroyed during the exit from mitosis. If destruction of cyclins is confined to the locale of each mitotic spindle, local variations in Cdk1 activity may be created that allow syncytial nuclei to exit mitosis in the presence of high levels of Cdk1 activity throughout the rest of the embryo. This proposal predicts that the nuclei of the syncytium would exit mitosis independently of one another. Although the synchrony of the early syncytial cycles is well known, this synchrony is broken in a number of instances that argue for a substantial degree of autonomy among syncytial nuclei.
For example, the products of female meiosis that do not contribute to the zygotic nucleus are not partitioned off as separate cells but remain as nuclei within the syncytium; these ''polar bodies'' progress through a first mitotic cycle, then arrest in a mitotic-like state with condensed chromosomes, but without a mitotic spindle (Foe et al. 1993 ; the absence of an associated spindle is presumed to be attributable to the absence of centrosome, which is provided to the zygotic nucleus by the incoming sperm). Importantly, these polar bodies remain in a condensed mitotic state, whereas the nuclei that surround them progress through rapid mitotic cycles. If we inactivate mitotic kinase Cdk1 by raising the temperature in a Cdk1 ts mutant, these polar bodies decondense, indicating that the persistent mitotic state requires Cdk1 activity (T.T. Su and P.H. O'Farrell, unpubl.; see below for Cdk1 ts experiments). Thus, the mitotic configuration of the polar bodies is consistent with the high levels of Cdk1 kinase. Presumably, when adjacent zygotic mitotic nuclei return to interphase they inactivate Cdk1 locally without eliminating Cdk1 activity in the environment of the polar bodies.
Three other examples suggest that the polar bodies are not unique in the autonomy of their cell cycle. Yolk nuclei forgo mitotic events and endoreplicate, whereas the cortical nuclei in the same cytoplasm undergo mitotic divisions (for example, Fig. 3O,P) . In addition, posterior nuclei that will later become progenitors of germ cells have a division program that first deviates from somatic nuclei when both types of nuclei still share a common cytoplasm (Su et al. 1998) . Finally, in Drosophila mutants bearing an abnormally long chromosome, syncytial nuclei are observed to initiate anaphase autonomously (Sullivan et al. 1993 ). These observations lead us to suggest that exit from mitosis in the syncytial embryo may be under local control.
PH3 signal reflects Cdk1 activity
We reasoned that if local variations in Cdk1 activity are involved in the exit from mitosis in the early syncytial cell cycles, these variations might be detected as local variations in the action of Cdk1. We found that PH3, which can be detected using a specific antibody (Shibata et al. 1990; Bradbury 1992; Ajiro et al. 1996a,b) , correlates with Cdk1 activity in Drosophila embryos. H3 phosphorylation is thought to contribute to chromatin condensation during mitosis (Hanks et al. 1983 ; Th'ng et 35 S-labeled Drosophila cyclin B (cyc B) or a bacterially produced GSTcyclin B fusion (GST-cyc B) was incubated in Xenopus mitotic extracts for various times (minutes) as indicated. Proteins were separated on denaturing gels and cyclin B was detected by autoradiography (cyc B) or by immunoblotting with polyclonal antibodies to GST (GST-cyc B). Although cyc B was degraded in mitotic extracts, GST-cyc B remained stable. (B) Syncytial embryos (0-to 1-hr-old, before cycle 7) were injected with GST-cyclin B, fixed after 30 min, and stained for DNA (red) and ␤-tubulin (blue) to visualize microtubules. Nuclei near the site of injection (arrow) are arrested in mitosis and show condensed chromosomes and mitotic spindles. In contrast, in the remainder of the embryo syncytial divisions have progressed and the nuclear density is higher, and nuclei are not arrested in mitosis. Two representative arrested mitotic figures are magnified and shown below.
al. 1994; Ajiro et al. 1996a,b) . In both syncytial and cellularized embryos, phosphorylation of histone H3 (PH3) signal is absent in interphase and appears on chromosomes as cells enter mitosis (for example, Fig. 3A,B) . We carried out three experimental manipulations to test whether the levels of PH3 might be coupled to the activity of Cdk1: (1) inactivation of Cdk1 during mitosis, (2) prolongation of Cdk1 activity during mitosis, and (3) ectopic induction of Cdk1 activity in interphase.
Inactivation of Cdk1 during mitosis led to a rapid loss of PH3 (Fig. 3C-F) . Syncytial embryos bearing a temperature-sensitive version of Cdk1, Cdk1 ts (Sigrist et al. 1995b) , were arrested in mitosis using a microtubule depolymerization agent (Fig. 3C,D) . Subsequent inactivation of Cdk1 ts in these embryos by shifting to the restrictive temperature led to loss of PH3 within 15 min (Fig.  3E,F) . Similarly treated wild-type embryos retained PH3 staining as did the control Cdk1 ts embryos that remained at the permissive temperature (not shown). These data indicate that Cdk1 activity is required to maintain PH3 in mitosis.
Conversely, experimental maintenance of Cdk1 activity in mitosis led to maintenance of PH3 (Fig. 3G-L) . We induced expression of stable versions of cyclins from transgenes under the control of the hsp70 promoter in cellularized embryos (note that heat induction of these transgenes is only possible after cellularization; heat shock before cellularization results in lethality (Sigrist et al. 1995a ). The arrests, however, resemble different stages between metaphase and telophase; A s arrests mitosis with chromosomes at the metaphase plate; B s arrests mitosis with sister chromosomes separated to varying degrees (early to mid-anaphase-like configuration); and B3 s arrests mitosis with fully separated but fully condensed chromosomes (see arrowheads in Fig. 3L) . Importantly, at each arrest point only the stabilized cyclin persists (Sigrist et al. 1995a ). PH3 signal was maintained at all three arrests, suggesting that Cdk1 in complex with any of these mitotic cyclins can maintain PH3.
Finally, we found that ectopic induction of Cdk1 activity led to induction of PH3. To induce Cdk1 activity ectopically, we used heat-inducible promoters to express Cdk1AF in conjunction with either cyclin A or B. Cdk1AF contains mutations in inhibitory phosphorylation sites (T14A and Y15F) and cannot be inhibited by Wee1 kinase (Sprenger et al. 1997) . Consistent with the demonstrated role of inhibitory phosphorylation on Cdk1 in controlling the progress into mitosis, induction of Cdk1 with a cyclin triggered G 2 -arrested cells to enter mitosis and to accumulate PH3 (Su et al. 1998; N. Yakubovich and P.H. O'Farrell, unpubl.) . Endocycling cells and G 1 -arrested cells also responded to induction of Cdk1 and cyclin A by accumulating PH3 (Fig. 3M,N) although these cells did not enter mitosis. Thus, accumulation of PH3 in response to Cdk1 activity does not require mitosis. After heatinduction of each stable cyclin, embryos were fixed and stained for DNA and PH3. PH3 stain is present at all three arrests. (M,N) Ectopic expression of Cdk1AF and cyclin A leads to induction of PH3. Embryos carrying a heat shock inducible Cdk1AF and cyclin A transgenes were fixed in stages 13-15 (Campos-Ortega and Hartenstein 1985) either directly (M) or 2 hr after heat induction (N) and were stained for PH3. In M, the normally mitotic cells of the CNS show PH3 staining (arrowhead), but this stain is absent in most other cells, including the epidermis and the gut. In N, PH3 staining is widespread and includes nonmitotic epidermal cells (e) and hindgut cells (g) that are arrested in a postmitosis 16 quiescent phase and are destined to undergo endocycles. The hindgut was identified according to position and morphology viewed by differential interference contrast (DIC) (not shown). (O,P) PH3 staining of a syncytial embryo demonstrates that cortical nuclei are in a mitotic state and exhibit the PH3 stain (O, arrowhead), whereas the yolk nuclei (y, boxed in N) that endoreplicate lack the PH3 stain. Note that the PH3 signal in internal tissues is detectable by our methods (Su et al. 1988) ; therefore, the failure of yolk nuclei to stain for PH3 is unlikely to be attributable to technical reasons. N shows the DNA stain. Data presented above suggest that PH3 levels are governed by Cdk1 activity such that Cdk1 can induce PH3 and Cdk1 is required to maintain PH3 in syncytial mitoses. At present we do not know whether Cdk1 acts directly on histone H3 in Drosophila.
Localized loss of PH3 signal at exit from syncytial mitoses
A more detailed analysis of PH3 staining upon exit from mitosis reveals an unexpected feature of PH3 loss during the syncytial cycles. Immunostaining of syncytial embryos for PH3 demonstrates that chromosomes in metaphase, early anaphase, and mid-anaphase show PH3 stain along their length (Fig. 4A , top two mitotic figures; data not shown). As anaphase progresses, loss of PH3 begins at the kinetochore regions of chromosomes (Fig.  4A , the third mitotic figure) and continues as chromosomes decondense in telophase (Fig. 4A, bottom mitotic  figure) . Such local gradients of PH3 are seen in syncytial mitoses from at least cycle 4 (M4; the earliest we have analyzed; M6 is shown in Fig. 4B ) up to and including the last syncytial mitosis, M13 (Fig. 4C) , although the PH3 gradient appears increasingly shallower as nuclear cycles progress. The localized loss of H3 phosphorylation during anaphase demonstrates that nonuniform conditions occur during exit from syncytial mitosis. A local gradient of kinase activity or a local gradient of phosphatase activity, or a combination of both, could result in the gradient of PH3 staining we observed. Given the strict correlation between PH3 and Cdk1 activity in Drosophila embryos described above, we suggest that a likely basis for the localized loss of PH3 is a localized decline in Cdk1 activity. The localized loss of PH3 is blocked by injection of the 13-110 peptide (not shown), suggesting that proteolysis contributes to local loss of Cdk1 activity and PH3.
Localized Cdk1 inactivation would explain how syncytial nuclei are able to exit mitosis despite the presence of cyclins and Cdk1 activity in the rest of the embryo. Our data are consistent with the degradation of a small and local pool of cyclins, generating a local decline in Cdk1 activity. This would explain the ability of an inhibitor of the APC and a stabilized cyclin to block exit from mitosis during these syncytial cycles.
A priori we might have expected that exit from mitosis requires the complete elimination of cyclins in the environment of the mitotic figures. However, there are indications that any loss of cyclin that might occur is more limited. Staining for cyclins A and B during the syncytial cycles revealed strikingly nonuniform distributions, but did not detect a general disappearance of cyclins in the region of anaphase spindles (Maldonado-Codina and Glover 1992). The gradient of PH3 on anaphase chromosomes in syncytial mitoses is consistent with dephosphorylation events originating at the kinetochore region or at the spindle pole. We suggest that changes in protein degradation and phosphorylation status of specific components within the mitotic spindle can guide exit from mitosis.
Localized changes in the phosphorylation state of kinetochore proteins have been implicated previously in mitotic spindle function in insect cells (Nicklas et al. 1995 , Nicklas 1997 . In addition, certain components of the ubiquitin-mediated degradation pathways are localized to the kinetochore region and at the centrosomes Bai et al. 1996; Connelly and Heiter 1996; Jorgensen et al. 1998 ). These and the observations presented here lead us to suggest that mitotic proteolytic activities may also be localized at the kinetochore region or the centrosomes and contribute to mitotic progression. Such local proteolysis of cyclins and inactivation of Cdk1 could explain the local gradient in PH3 loss we observed in syncytial embryos. Wild-type Drosophila embryos were fixed and stained for DNA (red) and PH3 (green). Colocalization of red and green signals result in yellow. PH3 disappears in a gradient on chromosomes at exit from syncytial mitoses (A-C), but this gradient is not readily apparent in cellular blastoderm mitoses (D). (A) A composite of mitotic figures from syncytial mitoses 10/11 is shown to depict the progression from anaphase (a) to telophase (t). Anaphase-telophase progression is characterized by a greater separation between kinetochore (poleward) regions of sister chromosomes, lengthening of chromosome arms, and increasing degree of chromosome decondensation. Loss of PH3 begins at the kinetochore regions of chromosomes in late anaphase/telophase. PH3 gradients are seen in M6 (B) and in M13 (C). Only slight color gradients are seen in late anaphase figures of M14 (D, brackets show two pairs of late anaphase/telophase chromosomes) and these gradations appear to be caused by nonhomogenous Hoechst 33258 staining of DNA rather than by nonhomogenous PH3 stain (see Fig. 5 ). Bar (A) 10 µm; (B-D) 20 µm.
PH3 loss is near uniform in mitoses of cellularized embryos
At the conclusion of the last syncytial division (M13), the embryo undergoes many changes associated with the maternal to zygotic transition [(MZT; similar to midblastula transition (MBT) of vertebrates], including cellularization and the transition from the maternal to zygotic control of the cell cycle (Foe et al. 1993) . Of these changes, the most pertinent to this work are the changes in cyclin degradation; whereas no mitotic cyclin destruction is detected before the ninth mitosis, at each subsequent mitosis a larger and larger fraction of cyclins A and B are degraded until, subsequent to the MZT, cyclin destruction at mitosis 14 appears to be complete O'Farrell 1989, 1990; Edgar et al. 1994; Sigrist et al. 1995a) . Paralleling these changes, there is a change in histone H3 dephosphorylation at exit from mitosis. The gradient of PH3 staining along the anaphase chromosomes becomes less marked in the later syncytial divisions, and then in M14, PH3 persists on chromosomes throughout anaphase and disappears approximately uniformly from chromosomes in telophase (Figs. 4D and 5) . Although the two-color images in Figure 4D suggest that a slight gradient might persist into mitosis 14, the separate staining for DNA shown in Figure 5 suggests that uneven color ratios in M14 largely results from the nonuniformity of the Hoechst 33258 staining of the DNA. PH3 staining in the two remaining embryonic mitoses in the epidermis, M15 and M16, is similar to that of M14 (data not shown).
What might underlie the gradual change in histone H3 dephosphorylation as divisions progress? We suggest that it reflects the change in cyclin destruction. As suggested above, the incomplete cyclin destruction and local loss of PH3 during the syncytial cycles might be attributable to localization of cyclin destruction machinery, in which case the delocalization of this machinery in cycle 14 might result in the complete cyclin destruction and near-uniform loss of PH3 seen during M14. Regardless of the mechanism, it is noteworthy that the mode of histone H3 dephosphorylation changes at the time of profound transitions that comprise the MZT. Hence, the manner in which exit from mitosis is executed may be developmentally regulated, just as the entry into mitosis is developmentally regulated (Edgar et al. 1994) . We suggest that localized cyclin destruction is a specialization of early syncytial cycles that allows local control of the exit from mitosis despite the absence of cell membranes and that this specialization is lost in concert with cellularization.
Materials and methods
Fly stocks
The Cdk1 ts (A171T) stock and stocks harboring heat shock-inducible stable cyclins Cdk1AF and cyclins A and B have been described before (Sigrist et al. 1995a; Sprenger et al. 1997 ).
Embryo-staining procedures
For antibody staining embryos were fixed for 20 min in PBS + 10% formaldehyde or for 5 min in 37% formaldehyde (injected embryos, see below), using standard procedures. DNA was stained with 10 µg/ml bizbenzamide (Hoechst 33258). FITC-labeled wheat germ agglutinin (WGA) was used at 500 ng/ml (Molecular Probes). PH3 was detected with a purified rabbit polyclonal antibody (1:1000 dilution) against the peptide ARKSTGGKAPRKQL (present in three Drosophila H3 variants) in which S was phosphorylated (Upstate Biotechnologies). ␤-Tubulin antibodies (Amersham) were used at 1:100 dilution. Primary antibodies were probed with rhodamine or FITC-conjugated secondary antibodies diluted 1:500 (Jackson).
Injection
Expression and purification of 13-110 (amino terminus of sea urchin cyclin B) and 13-110* (identical to 13-110 except for two-point mutations described in the text) peptides was performed as previously described (Holloway et al. 1993) , except for a modification of the column chromatography. Supernatant after 85°C incubation was applied to a phosphocellulose column equilibrated in 20 mM PIPES (pH 6.5), 50 mM NaCl. The column was washed sequentially with three column volumes 100, 300, and 500 mM of NaCl in 20 mM PIPES (pH 6.5). The peptide eluted predominantly in the 300 mM NaCl step elution and was >90% pure by Coomassie blue staining on a SDS gel. Fractions from the 300 mM NaCl elution were pooled, concentrated using a Centriprep-3 (Amicon), dialyzed overnight at 4°C against 5 mM NaCl, 0.1 mM NaHPO 4 (pH 7.7) injection buffer, and concentrated again to a final concentration of 50 mg/ml using a Microcon-3 (Amicon).
Sevelin embryos (0-1 hr) were prepared and microinjected, as described previously (Su et al. 1997) , with 5 mg/ml peptide in 5 mM NaCl, 0.1 mM NaHPO 4 (pH 7.7). Estimated injection volume was between 2% and 5% of the total volume of the embryo. Injected embryos were aged at 18°C for 30 min before fixing. The GST-cyclin B protein used in this study was a gift from Douglas Kellogg (University of California, Santa Cruz) and the GST was kindly provided by Danesh Moazed (University of California, San Fransisco). GST-cyclin B was injected at 6 mg/ ml and GST at 12 mg/ml in 25 mM HEPES (pH 7.4), 125 mM KCl, 10% glycerol. Injected embryos were aged at 18°C for 30 min, fixed for 5 min in 37% formaldehyde, devitellinized manu- ally as described previously (Su et al. 1997) , and stained with anti-tubulin antibody (1:100, Amersham) and propidium iodide or Hoechst 33258 to visualize DNA.
Miscellaneous procedures
To arrest Cdk1 ts embryos in mitosis, syncytial stage embryos were permeabilized according to standard procedures and incubated in Schneider's medium containing 500 µg/ml colchicine (Sigma). To arrest with stable cyclins, 2-to 4-hr-old embryos were exposed to 37°C for 30 min, allowed to recover at room temperature for 2 hr (A s and B s ) or 1 hr (B3 s ) to achieve maximal arrest per embryo, and fixed as above. To induce Cdk1AF + cyclin A or B, 10-to 12-hr-old embryos were heatshocked as above and fixed after 2 hr rest at room temperature.
Incubation in Xenopus mitotic extracts were performed as described previously (King et al. 1996b) .
Division cycle in syncytial embryos was determined from nuclei number (n = 2 for cycle 2; n = 4 for cycle 3, etc.) and nuclear location with respect to the embryo surface (in embryo interior through cycle 8, migrate during cycle 9, and reach the surface at the end of cycle 9; Foe et al. 1993) .
